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(57) ABSTRACT 

A multichannel audio System for radiating Sound to a 
listening area that includes a plurality of listening Spaces. 
The audio System includes directional audio devices, posi 
tioned in a first of the listening Spaces, close to a head of a 
listener, for radiating first Sound waves corresponding to 
components of one of the channels and nondirectional audio 
devices, positioned inside the listening area and outside the 
listening Space, distant from the listening Space, for radiating 
Sound waves corresponding to components of a Second of 
the channels. 
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DIRECTIONAL ELECTROACOUSTICAL 
TRANSDUCING 

BACKGROUND OF THE INVENTION 

0001. The invention relates to an audio system for lis 
tening areas including a plurality of listening Spaces and 
more particularly to and audio System that uses directional 
arrays to radiate Some or all channels of a multichannel 
System to listeners. 
0002. It is an important object of the invention to provide 
an improved audio System that provides a realistic and 
consistent perception of an audio image to a plurality of 
listeners. 

BRIEF SUMMARY OF THE INVENTION 

0003. According to the invention, an audio system having 
a plurality of channels includes a listening area, which 
includes a plurality of listening Spaces. The System further 
includes a directional audio device, positioned in a first of 
the listening Spaces, close to a head of a listener, for 
radiating first Sound waves corresponding to components of 
one of the channels, and a nondirectional audio device, 
positioned inside the listening area and outside the listening 
Space, distant from the listening Space, for radiating Sound 
waves corresponding to components of a Second of the 
channels. 

0004. In another aspect of the invention, a method for 
operating an audio System for radiating Sound into a first 
listening space and a Second listening space, the first listen 
ing Space adjacent the Second listening Space, includes 
receiving first audio signals, transmitting first audio signals 
to a first transducer; transducing, by the first transducer, the 
first audio Signals into first Sound waves corresponding to 
the first audio signals, radiating the first Sound waves into a 
first listening Space; processing the first audio Signals to 
provide delayed first audio signals, wherein the processing 
comprises at least one of time delaying the audio signals and 
phase shifting the audio signals, transmitting the delayed 
first audio signals to a Second transducer; transducing, by the 
Second transducer, the delayed first audio signals into Second 
Sound waves corresponding to the delayed first audio Sig 
nals, and radiating the Second Sound waves into the Second 
listening Space. 
0005. In another aspect of the invention, an adjacent pair 
of theater Seats, includes a directional acoustic radiating 
device between the pair of theater Seats. 
0006. In another aspect of the invention, an audio mixing 
System includes a playback System comprising directional 
acoustic radiating devices close to the head of an operator 
and acoustic radiating devices distant from the head of the 
operator. 

0007. In another aspect of the invention, a directional 
acoustic radiating device includes an enclosure; a first 
directional Subarray comprising two elements, mounted in 
the enclosure, the first two elements coacting to directionally 
radiate first Sound waves, each of the first two elements 
having an axis, the axes of the first two elements defining a 
first plane; a Second directional Subarray comprising two 
elements, mounted in the enclosure, the Second two ele 
ments coacting to directionally radiate Second Sound waves, 
each of the Second two elements having an axis, the axes of 
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the Second two elements defining a Second plane, wherein 
the first plane and the Second plane are nonparallel. 

0008. In another aspect of the invention, a method for 
radiating audio signals includes radiating Sound waves cor 
responding to first audio signals directionally to a first 
listening Space, radiating Sound waves corresponding to 
Second audio signals directionally to a Second listening 
Space; and radiating Sound waves corresponding to third 
audio signals nondirectionally to the first listening Space and 
the Second listening Space. 

0009. In another aspect of the invention, a directional 
acoustic array System, includes a plurality of directional 
arrays, each comprising a first acoustic driver and a Second 
acoustic driver; wherein the first acoustic drivers of the 
plurality of directional arrays are arranged collinearly in a 
first line; and wherein the second of the acoustic drivers of 
the plurality of directional arrays are arranged collinearly in 
a Second line, wherein the first line and the Second line are 
parallel. 

0010. In still another aspect of the invention, a line array 
System includes an audio signal Source for providing a first 
audio signal; a first line array comprising a first plurality of 
acoustic driverS mounted collinearly in a first Straight line; 
a Second line array comprising a Second plurality of acoustic 
driverS mounted collinearly in a Second Straight line, parallel 
with the first Straight line, Signal processing circuitry cou 
pling the audio signal Source and the first line array for 
transmitting the first audio signal to the first plurality of 
acoustic drivers; the signal processing circuitry further cou 
pling the audio signal Source and the Second plurality of 
acoustic drivers for transmitting the first audio signal to the 
Second plurality of acoustic drivers, wherein the Signal 
processing circuitry is constructed and arranged to reverse 
the polarity of the first audio signal transmitted to the Second 
plurality of drivers. 

0011. Other features, objects, and advantages will 
become apparent from the following detailed description, 
when read in connection with the accompanying drawing in 
which: 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

0012 FIG. 1 is a diagram illustrating the coordinate 
System for expressing the directions and angles in the 
figures; 

0013 FIGS. 2A and 2B are diagrams explaining some of 
the concepts discussed in the disclosure; 

0014 FIGS. 3A-3C are three embodiments of audio 
Systems incorporating the invention; 

0015 FIGS. 4A-4C are block diagrams of multielement 
arrays for use with Some embodiments of the invention; 

0016 FIGS. 5A-5C are implementations of the embodi 
ments of FIGS. 3A-3C: 

0017 FIG. 6 is a block diagram of an implementation of 
the invention in a vehicle passenger compartment; 

0018 FIGS. 7A-7G are views of a multielement array 
Suitable for use with the invention, mounted in a theatre Seat; 
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0019 FIG. 7H is a front isometric view of a multipair 
multielement array suitable for use with the invention; 
0020 FIG. 8 is a block diagram of an audio mixing 
System according to the invention; 

0021 FIGS. 9A and 9B are block diagrams of signal 
processing Systems in accordance with the invention; and 

0022 FIGS. 10A-10D are block diagrams of signal pro 
cessing Systems for use with directional arrayS. 

DETAILED DESCRIPTION 

0023. It is appropriate to discuss some of the terminology 
and abbreviations used herein. 

0024. For simplicity of wording “radiating sound waves 
corresponding to channel A (where A is a channel identifier 
of a multichannel System)' or “radiating Sound waves cor 
responding to Signals in channel A will be expressed as 
“radiating channel A,” and “radiating Sound waves corre 
sponding to signal B (where B is an identifier of an audio 
Signal)” will be expressed as “radiating Signal B', it being 
understood that acoustic radiating devices transduce audio 
Signals, expressed in analog or digital form, into Sound 
WWCS. 

0.025 The coordinate system for the purpose of express 
ing directions and angles is shown in FIG.1. The coordinate 
System has an origin the midpoint between a listener's two 
ears. The horizontal plane that includes a line between the 
listener's two ears will be referred to as the "azimuthal 
plane.” For angles in the azimuthal plane, Zero degrees is 
directly in front of the listener and angles are measured in 
degrees in a counter-clockwise direction. The line connect 
ing the listener's ears is the 90-270 degree axis, and will 
hereinafter be referred to as the x-axis. The 0-180 degree 
axis, which is the perpendicular to the y-axis in the azi 
muthal plane, will hereinafter be referred to as the y-axis. In 
the disclosure and figures, unless otherwise noted, the direc 
tions and angles are in the azimuthal plane. The “median 
plane' is the vertical plane defined by the points that are 
equidistant from the listener's two ears. In the median plane, 
angles will be referred to as “elevation.” Elevation angles 
are measured in an upward direction, with Zero degrees in 
the azimuthal plane in front of the listener and 90 degrees 
directly upward from the listener. The 90-270 degree axis of 
the median plane will hereinafter be referred to as the Z-axis. 
The X-axis and the Z-axis define a front/back plane that 
divides space into a “front hemisphere” and a “back hemi 
sphere.” 

0026 “Listening space,” as used herein means a portion 
of Space typically occupied by a single listener. Examples of 
listening Spaces include a Seat in a movie theater, an easy 
chair, reclining chair, or Sofa Seating position in a domestic 
entertainment room, a Seating position in a vehicle passen 
ger compartment and other positions occupied by a listener. 
"Listening area,' as used herein means a collection of 
listening Spaces that are acoustically contiguous, that is, not 
Separated by an acoustical barrier. Examples of listening 
areas are automobile passenger compartments, domestic 
rooms containing home entertainment Systems, motion pic 
ture theaters, auditoria, and other Volumes with contiguous 
listening Spaces. A listening Space may be coincident with a 
listening area. 

Jun. 3, 2004 

0027 “Local” as used herein refers to an acoustic device 
that is associated with a listening Space and is configured to 
radiate Sound So that it is significantly more audible in one 
listening Space than in adjacent listening Spaces. AS will be 
described below in the discussion of FIG. 4A, a single 
acoustic device can be local to two adjacent listening Spaces 
with respect to different audio signals. “Nonlocal” refers to 
an acoustic device that is not associated with a specific 
listening space and is configured to radiate Sound with 
Sufficient amplitude and dispersion So that the Sound is 
audible in a plurality of listening Spaces. 

0028. A “directional acoustic device is a device that 
includes a component that changes the radiation pattern of 
an acoustic driver So that radiation from an acoustic driver 
is more audible at Some locations in Space than at other 
locations. Two types of directional devices are wave direct 
ing devices and interference devices. A wave directing 
device includes barriers that cause Sound waves to radiate 
with more amplitude in some directions than others. Wave 
directing devices are typically effective for radiation having 
a wavelength comparable to the dimension of the wave 
directing device. Examples of wave directing devices are 
horns and acoustic lenses. Additionally, acoustic drivers 
become directional at wavelengths comparable to their 
diameters. 

0029. An interference device has at least two radiating 
elements, which can be two acoustic drivers, or two radiat 
ing Surfaces of a Single acoustic driver. The two radiating 
elements radiate Sound waves that interfere in a frequency 
range in which the wavelength is larger than the diameter of 
the radiating element. The Sound waves destructively inter 
fere more in Some directions than they destructively inter 
fere in other directions. Stated differently, the amount of 
destructive interference is a function of the angle relative to 
the midpoint between the drivers. 

0030. One type of interference directional acoustic 
device is a directional array. A directional array has at least 
two acoustic drivers. The pattern of interference of Sound 
waves radiated from the acoustic drivers may controlled by 
Signal processing of the audio signals transmitted to the two 
drivers and by physical components of the array, Such as the 
geometry and dimensions of the enclosure, by array element 
sizes, by individual element sizes, and by acoustic elements 
Such as acoustic resistances, compliances and masses. 

0.031) Interaural time difference (ITD), that is, the differ 
ence in arrival time of a Sound wave at the two ears, and 
interaural phase difference (IPD), that is, the phase differ 
ence at the two ears, aid in the determination of the direction 
of a sound source. ITD and IPD are mathematically related 
in a known way and can be transformed into each other, So 
that wherever the term “ITD' is used herein, the term “IPD' 
can also apply, through appropriate transformation. Interau 
ral level difference (ILD), that is, the amplitude difference at 
the two earS also aids in the determination of the direction 
of a Sound Source. ILD is Sometimes referred to as interaural 
intensity difference (IID). ITD, IPD, ILD, and IID are 
referred to as “directional cues.” The ITD, IPD, ILD, and 
IID cues result from the interaction, with the head and ears, 
of Sound waves that are radiated responsive to audio signals. 
For simplicity of wording, “ILD (or ITD or IPD, or IPD) 
cues resulting from the interaction of Sound waves with the 
head” will be referred to as “ILD (or ITD or IPD, or IID) 
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cues” and “radiation of Sound waves that interact with the 
head to result in the ILD (or ITD or IPD, or IID) cues” will 
be referred to as “radiating ILD (or ITD or IPD, or IID) 
cues.” 

0032. An acoustic Source in the median plane is equidis 
tant from the two ears, so there are no ILD or ITD cues. For 
Sound Sources in the median plane monaural spectral (MS) 
cues assist in the determination of elevation. The external 
ear is asymmetric with respect to rotation about the X-axis, 
and affects different ranges of Spectral components differ 
ently. The Spectrum of Sound at the ear changes with the 
angle of elevation, and the spectral content of the Sound is 
therefore a cue to the elevation angle. An acoustic Source in 
the median plane is equidistant from the two ears, So there 
are no ILD or ITD cues, only MS cues. 
0033) One phenomenon that humans frequently experi 
ence, especially when localizing Simulated Sound Sources 
(that is, when directional cues are inserted into the radiated 
Sound), is front/back confusion. Listeners typically can 
localize the angular displacement from the X-axis in the 
azimuthal plane, but have difficulty distinguishing the direc 
tion of displacement. For example, referring to FIG. 2A a 
listener may be able to determine that an audio source 202 
is displaced 30 degrees from the X-axis, but may have 
difficulty distinguishing between Sources at 60 degrees 
(shown in Solid lines) and 120 degrees (shown in phantom). 
One method of resolving front/back confusion is to rotate 
the head. For example, as shown in FIG. 2B if the head is 
rotated clockwise as viewed from above, and the level in the 
left ear increases and the level in the right ear decreases, and 
the ITD cues change in a manner consistent with a Sound 
Sourced in the front, the front/back confusion is resolved and 
acoustic image will appear to be in the front hemisphere (at 
60 degrees) rather than in back hemisphere (at 120 degrees). 
0034 Processing audio signals by a transfer function so 
that, when radiated, they have ITD or ILD or MS cues 
indicative of a predetermined orientation to the listener may 
include processing the audio Signals by a function related to 
the geometry of the human head. The function is usually 
referred to as a “head related transfer function (HRTF).” 
Processing audio signals using an HRTF to So that, when 
radiated they have ITD or ILD or MS cues indicative of a 
predetermined orientation relative to the listener will be 
referred to as HRTF processing. Distance cues are indicators 
of the distance of a Sound Source from the listener. Some 
types of distance cues are the ratio of direct radiation 
amplitude to reverberant radiation amplitude, the time inter 
val between direct radiation arrival and the onset of rever 
berant radiation; the frequency response of the direct radia 
tion (high frequency radiation is attenuated more than low 
frequency radiation by distance); and ratio of Signal radia 
tion to ambient noise. For Sources close to the head, ILD can 
also be a distance cue; for example, if Sound radiation is 
audible in only one ear, the Source will be perceived as very 
close to that ear. 

0035. For clarity, some elements, such as audio signal 
Sources, amplifiers, and the like that are present in audio 
Systems, but are not germane to this disclosure, are omitted 
from the views. 

0.036 Unless noted otherwise, the number of channels of 
an audio Source or playback System refers to the channels 
that are intended to be radiated by an audio device in a 
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predetermined positional relationship to the listener. Many 
Surround Sound Systems have channels, Such as low fre 
quency effects (LFE) and bass channels, which are not 
intended for reproduction by an audio device in a defined 
relationship to the listener. In an audio System having five or 
Six channels, the channels are usually referred to as "left 
front (LF), center front (CF), right front (RF), left surround 
(LS), center surround (CS), right surround (RS), “surround” 
indicating that the channel is intended for radiation by an 
audio device behind the listener. Many of the configurations 
disclosed are Stated in terms of an audio encoding System 
having five or Six channels. It is to be understood that a 
person skilled in the art, with the teachings of this disclosure 
could apply the principles of the invention to an audio 
encoding System having more or fewer than five or Six 
channels. If the audio signal Source has more channels than 
the playback System, channels maybe downmixed in Some 
manner So that the number of channels is equal to the 
number of channels in the playback System. If the audio 
Signal Source has fewer channels than the playback System, 
additional channels may be created from the existing chan 
nels, or one or more of the acoustic radiating devices may 
receive no signal. 

0037. With reference to FIG. 3A, there is shown a 
diagrammatic view of an embodiment of an audio System 
according to the invention. Listening area 10 includes a 
plurality 12, 14, and 16 of listening Spaces. An audio System 
includes an audio Signal Source, not shown, and a plurality 
of nonlocal acoustic radiating devices identified as elements 
18LF, 18CF, 18RF, 18LS, 18CS, and 18RS. Acoustic radi 
ating devices. 18LF, 18CF, 18RF, 18LS, 18CS, and 18RF 
receive audio Signals representing the left fiont channel, the 
center front channel, the right front channel, the left Sur 
round channel, the center Surround channel, and the right 
Surround channels, respectively, and transduce the audio 
Signals into Sound waves with Sufficient amplitude and 
dispersion So that listening Spaces 12, 14, and 16 all receive 
Sound waves radiated by acoustic radiating devices. 18LF, 
18CF, and 18RF. In addition, there may be local acoustic 
radiating devices 12R, 14R, and 1.6R, each associated with 
one of the listening Spaces, and positioned and configured So 
that the radiated Sound is audible in the associated listening 
Space, and Significantly leSS audible in adjacent listening 
spaces. The difference in audibility may be realized by a 
number of positioning methods, Such as placing the acoustic 
radiating devices close to the ears (but not in a manner that 
Significantly attenuates radiation from acoustic radiating 
devices. 18LF, 18CF, and 18RF), by placing an acoustic 
radiating device Significantly closer to one listener than 
other listeners, or both. The difference in audibility may also 
be realized by the use of barriers that are acoustically 
reflective or absorptive between an acoustic device and an 
adjacent listening space. The difference in audibility may 
also be realized by the use of directionality modifying 
devices Such as horns, lenses, by the use of the natural 
directivity at wavelengths similar to the dimensions of the 
radiating device, or by the use directional devices Such as 
directional arrays for local radiating devices 12R, 14R, and 
16R, respectively. Directional arrays may include Single 
acoustic driver arrays that use radiation from two Surfaces of 
an acoustic driver and may also include an assortment of 
enclosures and acoustic filter elements. Directional arrayS 
may also include multiple acoustic driver arrayS. Implemen 
tations using directional arrays for local radiating devices 
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12R, 14R, and 16R are discussed in greater detail below, as 
are specific types of Suitable directional arrayS. Differences 
in audibility may also be realized by a combination of 
positioning methods, acoustic barriers, directional devices, 
and directional arrayS. 
0.038 An audio system using directional devices is 
advantageous Over audio Systems not using directional 
devices because greater isolation between Spaces can be 
provided, So that listeners in adjacent listening spaces are 
less likely to be distracted by sound intended for a listener 
in the adjacent Space. 
0039. One or more of the acoustic radiating devices may 
be Supplemented by, or replaced by, one of more of local 
acoustic radiating devices 12LF, 12CF, 12RF, 14LF, 14CF, 
14RF, 16LF, 16CF, or 16RF, each of which is associated 
with one of the listening spaces and which may be posi 
tioned and configured So that the radiated Sound is audible 
in the associated listening Space, and Significantly leSS 
audible in adjacent listening spaces. The difference in audi 
bility may be realized by one or more of the techniques 
discussed above. In one implementation, the acoustic radi 
ating devices 12LF, 12CF, 12RF, 14LF, 14CF, 14RF, 16LF, 
16CF, and 16RF are limited range, high frequency acoustic 
drivers; typically having a range from 1.6 Khz or 2.0 kHz 
and up. If the acoustic radiating devices 12LF, 12CF, 12RF, 
14LF, 14CF, 14RF, 16LF, 16CF, and 16RF are located close 
to the associated listening Space, they require a very limited 
maximum sound pressure level (SPL). Because of the lim 
ited range requirement and limited maximum SPL require 
ment, Small acoustic drivers, such as 20 mm diameter dome 
type acoustic drivers, may be adequate. In other implemen 
tations, acoustic radiating devices 12LF, 12CF, 12RF, 14LF, 
14CF, 14RF, 16LF, 16CF, and 16RF may have wider fre 
quency ranges or may be directional devices Such as direc 
tional arrayS. There may also be a low frequency acoustic 
radiating device 20, which radiates low frequency Sound 
waves to the entire listening area 10. Low frequency radi 
ating device 20 is not shown in Subsequent figures. 
0040. The use of small acoustic drivers is advantageous 
because they can be easily located, and can be made 
unobtrusive. The Small, limited range acoustic drivers can be 
placed, for example, in the back of a theatre or vehicle Seat 
(radiating toward the seat behind); in an automobile dash 
board, or in an armrest of a theatre Seat or item of domestic 
furniture. 

0041. Nonlocal acoustic radiating devices. 18LF, 18CF, 
18RF, 18LS, 18CS, 18RS, and 20 may all be conventional 
acoustic radiating devices, Such as cone type loudspeakers 
with maximum amplitude, frequency range, and other 
parameters appropriate for the acoustic environment. The 
acoustic radiating devices may have multiple radiating ele 
ments, and the multiple elements may have different fre 
quency ranges. The acoustic radiating devices may include 
acoustic elements, Such as ported enclosures, acoustic 
waveguides, transmission lines, passive radiators, and other 
radiators, and may also include directionality modifying 
devices Such as horns, lenses, or directional arrays, which 
will be discussed in more detail below. 

0042. In the embodiment of FIG. 3B, the acoustic radi 
ating devices 12R, 14R, and 16R of FIG.3A are replaced by 
acoustic radiating devices 12LR and 12RR, 14LR and 
14RR, and 16LR and 16RR, respectively. Each of the 

Jun. 3, 2004 

devices 12LR and 12RR, 14LR and 14RR, and 16LR and 
16RR are associated with one ear of a listener in one of the 
listening Spaces, each positioned and configured So that the 
radiated Sound is audible by the associated ear and Signifi 
cantly less audible by the other ear and by listeners in 
adjacent listening Spaces. The difference in audibility may 
be realized by one or more the methods described above. 
0043 Acoustic radiating devices. 18LF, 18CF, and 18RF 
may be replaced by, or Supplemented by, one or more of 
acoustic radiating devices 12LF, 12CF and 12RF, 14LF, 
14CF and 14RF, and 16LF, 16CF and 16RF, respectively, 
each associated with one of the listening Spaces, and each 
positioned and configured So that the radiated Sound is 
audible in the associated listening Space and Significantly 
leSS audible in adjacent listening spaces. AS discussed above, 
acoustic radiating devices 12LF, 12RF, 12CF, 14LF, 14RF, 
14F, 16LF, 16RF and can be small, limited range acoustic 
drivers, or may be a directional device Such as a directional 
array. 

0044 FIG. 3C shows another embodiment of the inven 
tion. In FIG. 3C, device 12LR of FIG. 3B is replaced by 
acoustic array 12LR'; devices 12RR and 14LR are replaced 
by acoustic array 1214; devices 14RR and 16LR are 
replaced by acoustic array 1416, and device 16RR of FIG. 
3B is replaced by acoustic array 16RR". The operation of the 
acoustic arrays will be discussed below in the discussion of 
FIGS. 4A-4C. 

0045. As with the configuration of FIGS. 3A and 3B, the 
acoustic radiating devices. 18LF, 18CF, and 18RF may be 
replaced by, or Supplemented by acoustic radiating devices 
12LF, 12CF and 12RF, 14LF, 14CF, and 14RF, and 16LF, 
16CF and 16RF, respectively. As described above, acoustic 
radiating devices suitable for devices 12LF, 12RF, 12CF, 
14LF, 14RF, 14CF, 16LF, 16RF and 16CF may be small, 
limited range acoustic drivers or may be directional devices 
Such as directional arrayS. 
0046. In operation, some or all of the audio information 
is radiated by local acoustic devices. Some of the audio 
information may be radiated by nonlocal acoustic devices, in 
common to a plurality of listening Spaces. 

0047. An audio system according to FIGS. 3A-3C is 
advantageous over Sound radiating Systems employing ear 
phones and "head-mounted” devices. Such a System avoids 
the “in the head” phenomenon typically associated with 
earphones. The Sound Source does not move with the head 
and the result of head motion can be made more realistic 
than with head-mounted devices without the need for Signal 
processing or head motion tracking devices. For a commer 
cial establishment, the Sound radiating devices are far leSS 
Susceptible to theft, damage, Vandalism, or normal wear 
and-tear. The hygiene concerns with headsets with multiple 
users is not a problem. An audio System according to FIGS. 
3A-3C is advantageous over Sound radiating Systems using 
nondirectional acoustic devices because the acoustic device 
does not have to be positioned close to the head, and because 
a single device can radiate Sound to two adjacent listening 
SpaceS. 

0048 FIG. 4A shows circuitry for use with the multi 
element arrays suitable for elements 1214 and 1416; similar 
devices can be used for 12LR and 16RR'. Devices 1214 and 
1416 of FIG. 4A each have at least two acoustic drivers 
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1214L and 1214R, or 1416L and 1416R. LS signal input 
terminal 120 is coupled to acoustic drivers 1214L and 1416L 
by circuitry applying transfer function H(s) (where S is the 
Laplace frequency variable jo) and ()=2f So that H(S) is a 
frequency domain representation of a transfer function), and 
by Summers 110 and 114, respectively. LS signal input 
terminal 120 is coupled to acoustic drivers 1214R and 
1416R by circuitry applying transfer function H(s) and by 
SummerS 112 and 116, respectively. RS Signal input terminal 
122 is coupled to acoustic drivers 1214L and 1416L by 
circuitry applying transfer function H(s) and by Summers 
110 and 114, respectively. RS signal input terminal 122 is 
coupled to acoustic drivers 1214R and 1416R by circuitry 
applying transfer function H(s) and by SummerS 112 and 
116, respectively. Transfer functions H(s), H(s), H(s), and 
H(s) can include combinations of polarity inversion, time 
delay, phase shift, minimum or nonminimum phase filter 
functions, Signal amplification or attenuation, or a unity 
function (that is, a function that has no effect on the Signal). 
The functions may be implemented by electronic circuitry, 
by physical elements, or by a microprocessor using digital 
Signal processing (DSP) Software. 

0049. In operation, devices 1214L and 1416L radiate the 
signal H(s)LS+H(s)RS, and devices 1214R and 1416R 
radiate the signal H(s)LS+H(s)RS. The circuitry can be 
configured So that transfer functions H(s), H(s), H(s), and 
H(s) cause the LS signal radiation from the drivers to 
destructively interfere in one direction generally directed 
toward the right ear of the listener in the listening Space on 
the left and to interfere less destructively in the direction 
generally directed toward the left ear of the listener in the 
listening Space on the right; and cause the RS Signal radia 
tion to destructively interfere in one direction generally 
directed toward the left ear of the listener in the listening 
Space on the right and to interfere less destructively toward 
the right ear of the listener in the listening Space on the left. 

0050. In one embodiment of FIG. 4A, H(s) and H(s) 
represent a unity function, and H(s) and H(s) represent a 
time delay, a phase shift, or both, and a polarity inversion So 
that driver 1214L and 1416L radiate -G LSAT+RS, and 
drivers 1214R and 1416R radiate LS-GRSAT, where AT 
represents a time shift and G, represents again associated 
with the transfer function having the Same Subscript, or So 
that drivers 1214L and 1416L radiate -G LSAqp+RS, and 
drivers 1214R and 1416R radiate LS-GRSAc) where Acp 
represents a phase, So that the LS radiation from directional 
arrays 1214 and 1416 destructively interferes at the listen 
ers’ right ears, and so that that the RS radiation from 
directional arrays 1214 and 1416 destructively interferes at 
the listeners left ears. In another embodiment, H(s) and 
H(s) represent a unity function and H(s) and H(s) repre 
Sent a Signal phase shift, a gain, and a low pass filter. The 
phase shift can cause the LS radiation from drivers 1214 and 
1416 to destructively interfere at the listeners’ right ears, and 
can further cause the RS radiation from drivers 1214 and 
1416 to destructively interfere at the listeners left ears. The 
gain can facilitate the attaining of an appropriate amount of 
radiation attenuation. The low pass filter can adjust for the 
natural directivity of acoustic drivers at wavelengths com 
parable to and less than the diameter of the acoustic driver. 
The low pass filter may be implemented as a discrete device 
or may be incorporated into the circuitry implementing the 
transfer function. 
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0051. The drivers are shown in FIG. 4A as positioned so 
that the axes of the radiation Surfaces diverge. The diverging 
is not essential, but can take advantage of the aforemen 
tioned natural directivity of drivers at the wavelengths 
comparable to, or less than, the diameter of the acoustic 
driver. At frequencies at which the acoustic driver is natu 
rally directional, directionality can be realized with leSS 
destructive interference. 

0052 The radiation patterns can be modified by addi 
tional drivers, circuitry, or both, representing additional 
transfer functions, which modify time, phase, and amplitude 
relationships. 

0053 An audio system according to FIG. 4A is advan 
tageous over audio Systems not employing directional arrayS 
because it enables greater control of Sound radiated to each 
ear of each listener. Additionally, the use of multi-element 
directional arrays permits a Single array to radiate different 
audio information directionally to two adjacent listening 
SpaceS. 

0054 Examples of acoustic devices that can be used for 
devices 12LR', 1214, 1416, and 16RR" are described in U.S. 
Pat. No. 5,809,153 and U.S. Pat. No. 5,870,484. 

0055 FIG. 4B shows an implementation of the embodi 
ment of FIG. 3A, using a directional array for the local 
acoustic device 14R. Device 1214 has at least two acoustic 
drivers 1214L and 1214R. LS signal input terminal 120 is 
coupled to acoustic driver 1214L by circuitry applying 
transfer function H(s) and by slimmer 110. LS signal input 
terminal 120 is coupled to acoustic driver 1214R by circuitry 
applying transfer function H(s) and by Summer 112. RS 
Signal input terminal 122 is coupled to acoustic driver 1214L 
by circuitry applying transfer function H(s) and by Summer 
110. RS signal input terminal 122 is coupled to acoustic 
driver 1214R by circuitry applying transfer function H(s) 
and by Summer 112. 
0056. In operation, driver 1214L radiates the signal 
H(s)LS+H(s)RS, and driver 1214R radiates the signal 
H(s)LS+H(s)RS. The circuitry can be configured so that 
transfer functions H(s), H(s), H(s), and H(s) cause the 
LS signal radiation to destructively interfere in the vicinity 
of a listener's right ear; the circuitry can further be config 
ured So that transfer functions H(s), H(s), H(s), and H(s) 
cause the RS Signal radiation to constructively interfere in 
the vicinity of a listener's right ear. 

0057. In one implementation of FIG. 4B, HI(s) and H(s) 
represent a unity function, and H(s) and H(s) represent a 
time delay, a phase shift, or both, and a polarity inversion, 
so that driver 1214R radiates -GLSAT+RS, and driver 
1214L radiates LS-GRSAT, where AT represents a time 
shift and G represents a gain associated with the transfer 
function of the same subscript, or so that driver 1214R 
radiates -GLSAqp+RS, and driver 1214L radiates 
LS-GRSAqp where Aqp represents a phase shift, So that the 
RS radiation from driver 1214L destructively interferes with 
the RS radiation from driver 1214R at the listener's left ear, 
and so that that the LS radiation from driver 1214R and 
destructively interferes with the LS radiation from driver 
1214L, at the listeners’ right ear. In other embodiments, 
H(s), H(s), H(s), and H(s) may include elements Such as 
minimum or nonminimum phase filter functions, Signal 
amplifiers or attenuators, and acoustic resistances, in addi 
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tion to, or in place of phase shifterS or time delayS. The 
functions may be implemented by electronic circuitry, by 
physical elements, or by a microprocessor using DSP Soft 
WC. 

0.058 FIG. 4C shows an implementation of FIG. 4A, 
using a two-way (split frequency) directional array. Direc 
tional array 1214 has two low frequency acoustic drivers 
1214LL and 1214RL and two high frequency acoustic 
drivers 1214LH and 1214RH. Directional array 1416 has 
two low frequency acoustic drivers 1416LL and 1416RL and 
two high frequency acoustic drivers 1416LH and 1416RH. 
0059 LS input terminal 120 is coupled to low pass filter 
140 and high pass filter 142. Output of low pass filter 140 is 
coupled to low frequency acoustic driverS 1214LL and 
1416LL by circuitry applying transfer function H(s), and by 
Summers 124 and 132, respectively. Output of low pass filter 
140 is also coupled to low frequency acoustic drivers 
1214RL and 1416RL by circuitry applying transfer function 
H(s) and by Summers 130 and 138, respectively. Output of 
high pass filter 142 is coupled to high frequency acoustic 
drivers 1214LH and 1416LH by circuitry applying transfer 
function H(s) and by Summers 126 and 134, respectively. 
Output of high pass filter 142 is also coupled to high 
frequency acoustic drivers 1214RH and 1416RH by cir 
cuitry applying transfer function H(s) and by SummerS 128 
and 136, respectively. 
0060 RS input terminal 122 is coupled to low pass filter 
144 and high pass filter 146. Output of low pass filter 144 is 
coupled to low frequency acoustic driverS 1214LL and 
1416LL by circuitry applying transfer function H(s), and by 
Summers 124 and 132, respectively. Output of low pass filter 
144 is also coupled to low frequency acoustic drivers 
1214RL and 1416RL by circuitry applying transfer function 
H(s) and by Summers 130 and 138, respectively. Output of 
high pass filter 146 is coupled to high frequency acoustic 
drivers 1214LH and 1416LH by circuitry applying transfer 
function H(s) and by Summers 126 and 134, respectively. 
Output of high pass filter 146 is also coupled to high 
frequency acoustic drivers 1214RH and 1416RH by cir 
cuitry applying transfer function H-(S) and by SummerS 128 
and 136, respectively. In FIG. 4C, the low pass filters 140 
and 144 and the high pass filters 142 and 146 are shown as 
discrete elements. In an actual implementation, the low pass 
and high pass filters can be incorporated in transfer functions 
H-Hs. 
0061. In operation, devices 1214LL and 1416LL radiate 
the signal H(s)LS(lf)+H(s)RS(lf); devices 1214RL and 
1416RL radiate the signal H(s)LS(lf)+H(s)RS(lf); devices 
1214LH and 1416LH radiate the signal H(s)LS(hf)+ 
H(s)RS(hf); devices 1214RL and 1416RL radiate the signal 
H(s)LS(hf)+H,(s)RS(hf), where hf denotes low frequency 
and hf denotes high frequency. The circuitry can be config 
ured So that transfer functions Hi(S)-H(s) cause the low 
frequency LS Signal radiation to destructively interfere in 
the vicinity of listeners’ right ears, to cause the low fre 
quency RS Signal radiation to destructively interfere in the 
vicinity of listeners left ears, to cause the high frequency LS 
Signal radiation to destructively interfere in the vicinity of 
listeners’ right ears, and to cause the high frequency RS 
Signal radiation to destructively interfere in the vicinity of 
listeners left ears. 

0062) The split frequency directional arrays may be 
implemented with the high frequency acoustic drivers posi 
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tioned inside the low frequency drivers as shown, or may be 
implemented with the two high frequency acoustic drivers 
positioned above or below the low frequency acoustic 
drivers. A typical operating range for low frequency acoustic 
drivers 1214LL, 1214RL, 1416LL, and 1416 RL is 150 HZ 
to 3 kHz, a typical operating range for high frequency 
acoustic drivers 1214LH, 1214RH, 1416LH, and 1416 RH 
is 3 kHz to 20 kHz. 

0063 Split frequency arrays are advantageous because 
useful destructive interference can be maintained over a 
wider range of frequencies. 
0064. The embodiments of FIGS. 3A-3C may imple 
mented in a number of different ways, by configuring the 
audio System So that the local acoustic devices radiate 
signals typically radiated by one or more of devices. 18LF, 
18CF, 18RF, 18LS, 18CS and 18RS; by radiating, by direc 
tional devices, audio signals that have been processed by a 
head related transfer function (HRTF); by configuring the 
audio System to isolate, with respect to audio information 
radiated by one or more acoustic devices, a listening Space 
from adjacent listening Spaces, by configuring the audio 
System to isolate, with respect to audio content radiated by 
one or more audio devices, one ear of a listener from the 
other ear; by radiating distance cues from different combi 
nations of acoustic devices, or by mixing audio content 
using a novel mixing System, and playing back the audio 
content by a novel playback System. 
0065. A first implementation of the embodiments of 
FIGS. 3A-3C is to reconfigure the elements of the audio 
system so that local acoustic devices (12R, 14R, and 16R of 
FIGS. 3A, 12LR, 12RR, 14LR, 14RR, 16LS, and 16RR, of 
FIG. 3B, and 12LR', 1214, 1416, and 16RR' of FIG. 3C) 
may radiate one or more of the left, center, and right front 
channels and the left, center, and right Surround channels. 
FIGS. 5A-5C show such reconfigured audio systems. In 
FIG. 5A, the local acoustic devices 12R, 14R, and 16R 
radiate the Surround channels in FIG. 3A, so devices. 18LS, 
18CS, and 18RS of FIG. 3A are not required. In FIG. 5B, 
the local acoustic devices 12LR, 12RR, 14LR, 14RR, 16LS, 
and 16RR radiate the Surround channels in FIG. 3B, So 
devices. 18LS, 18CS, and 18RS of FIG. 3B are not required. 
In FIG. 5C, the local acoustic devices 12LR, 1214, 1416, 
and 16RR radiate the Surround channels in the manner 
described in FIG. 3C, so devices. 18LS, 18CS, and 18RS of 
FIG. 3C are not required. Circuitry for implementing the 
configurations of FIGS. 5A-5C will be described below. 
0066. There are many environments in which an audio 
system according to FIGS. 5A-5C may be used. For 
example, the listening area may be a motion picture theater 
and the listening Spaces may be individual Seats; the listen 
ing area may be a vehicle interior and the listening Spaces 
Seat positions, the listening area may be a domestic enter 
tainment room and the listening Spaces Seating positions or 
individual pieces of furniture. 
0067. An audio system according to FIGS. 5A-5C is 
advantageous because every listener receives the Surround 
channel radiation from an acoustic radiating device or 
devices that have Substantially the same orientation to each 
listener's head and that are Substantially the same distance 
away from each listener's head. As a result, the Spatial image 
is more uniform from listener to listener A Second manner in 
which the embodiments of FIGS. 3B-3C may be imple 
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mented is to apply HRTF processing in an embodiment 
according to FIG. 3A with directional arrays radiating two 
channels as in FIG. 4B. HRTF processed audio signals can 
be radiated by acoustic devices in either hemisphere, So long 
as the Sound at the ear contains the appropriate ITD and ILD 
CCS. 

0068 ITD cues and ILD cues may be generated in at least 
two different ways. A first way is known as "Summing 
localization” or “amplitude panning” in which the amplitude 
of an audio signal Sent to various acoustic devices is 
modified So that when transduced, the resultant Sound wave 
pattern that arrives at a listener's earS has the appropriate 
ITD and ILD cues. For example, if an audio signal is sent 
only to acoustic device 18LF so that only device 18LF 
radiates the Signal, the Sound Source will appear to be in the 
direction of device 18LF. If an audio signal is sent to devices 
18RF and 18CF, with the amplitude of the signal to 18CF 
larger than the amplitude of the signal sent to 18RF, the 
sound source will appear to be between devices 18CF and 
18RF, somewhat closer to device 18CF. Generally, ampli 
tude panning is most effective for audio Sources near the 
y-axis, for example, in the previous figures, Sources located 
in the angle defined by lines connecting acoustic devices 
18LF and 18RF and the origin. Using amplitude panning, 
radiated by acoustic drivers in the Same hemisphere as the 
Sound Source provides a realistic effect if the head is rotated 
to resolve front/back confusion. 

0069. For sound sources near the x-axis, amplitude pan 
ning is less effective, and HRTF processing of the audio 
Signals may provide a more precise perception of an acoustic 
image. 

0070 The HRTF processing of the audio signals includes 
modifying the Signals So that, when transduced to Sound 
waves, the Sound waves that arrive at the ears have the TTD 
and ILD cues that correspond to the ITD and ILD cues of an 
audio Source at the desired location. In HRTF processing, 
the ITD and ILD cues at the ear is of greater importance than 
the specific location of the transducer that radiates the HRTF 
processed audio signals. 
0071. A signal processing method for applying HRTF 
processing to the Signals that are transduced by the direc 
tional acoustic devices is described below. Applying HRTF 
processing to Signals that are transduced by the directional 
acoustic devices is advantageous because the directional 
acoustic devices permit greater control over the audio infor 
mation at the listener's ears and provide greater uniformity 
of audio information at the ears of multiple listeners. AS Seen 
in the previous figures, the directional acoustic devices are 
in the same orientation relative to each listener's two ears. 
Additionally, Since the audio information radiated by the 
directional devices is significantly leSS audible in adjacent 
listening Spaces, leSS audio information intended, for 
example, for the listener in listening Space 14 is audible to 
the listener in listening Space 12. Additionally, the audio 
information intended for one ear of a listener may be leSS 
audible to the other ear of the listener. 

0072 The use of both amplitude panning and HRTF 
processing is advantageous because amplitude panning and 
HRTF processing each have advantages for locating a Sound 
Source at orientations relative to the listener. HRTF process 
ing results in a more realistic perception of an acoustic 
image for Sound Sources near the X-axis. Amplitude panning 
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results in a more realistic image for Sound Sources near the 
y-axis and ITD and ILD cues that are consistent with real 
Source when head rotation is used to determine the direction 
of an acoustic image. 
0073. A third manner in which the embodiments of FIGS. 
3A-3C may be applied is to isolate, using directional acous 
tic devices, a listening Space from adjacent listening Spaces. 
For example, in the Systems of the previous figures, by using 
directional devices for devices 12LF, 14LF, or 16LF, 12CF, 
14CF, or 16CF, and 12RF, 14RF, or 16RF (in addition to the 
audio information radiated by the directional devices 12R, 
14R, 16R, 12LR, 12RR, 14LR, 14RR, 16LR, and 16RR) 
each listening Space can be isolated from adjacent listening 
spaces. In the system of FIGS. 5A-5C, the adjacent listening 
Spaces can be isolated from each other with respect to the 
audio information radiated by the directional devices. 
0074 The isolation methods that can be used are similar 
to methods for realizing differences in audibility mentioned 
above: by proximity; by placing a reflective or absorptive 
acoustic barrier in the path between an acoustic device and 
a listener's ear or between and acoustic device and an 
adjacent listening Space; and by using directional devices, 
including directional arrayS. 
0075 Depending on the degree of isolation attained, 
Some advantageous features can be provided. For example, 
Some information can be radiated in common to Several 
listening spaces and Some audio information can be radiated 
individually to the Several listening Spaces. So, for example, 
a Sound track of a motion picture could be radiated from 
devices. 18LF, 18CF, and 18RF, and the dialogue could be 
radiated in different languages to adjacent listening Spaces. 
In such an application, local devices 12LR, 12RR, 14LR, 
14RR, 16LR, 16RR, 12R, 14R, or 16R can radiate the 
Surround channels as well as the dialogue. Another feature 
that can be provided is to radiate completely different 
program material to adjacent listening Spaces, for example at 
a diplomatic or busineSS meeting, different translations of 
Speech could be radiated to participants without the use of 
headphones or head mounted Speakers. 

0076 A fourth manner in which the embodiments of 
FIGS. 3A-3C may be applied is to isolate, with respect to the 
channels radiated by the local acoustic devices, one ear of a 
listener from the other ear. Such a configuration provides a 
more precise and uniform Spatial image and lessens the need 
to process audio Signals for “cross-talk cancellation. 
0077. A fifth implementation is to radiate distance cues 
from different combinations of acoustic devices. Radiation 
from non-local acoustic devices. 18LF, 18CF, and 18RF 
interacts with the room, producing distance cues that cause 
the Sound to appear to originate at an audio Source at a 
location relative to the room. Radiation from local devices 
12R, 14R, and 16R of FIG. 3A or from 12LR, 12RR, 14LR, 
14RR, 16LR and 16RR of FIG. 3B, or from devices 12LR', 
1214, 1416, and 16RR' of FIG. 3C interact with the room 
very little. If the audio signals radiated by the local devices 
are modified So that they produce distance cues at the ears 
of the listeners, and the same Signals are radiated by the local 
audio devices associated different listening Spaces, the 
Sound appears to each listener to originate at the distance 
relative to the user. This approach allows great flexibility in 
Selecting the perceived distance and of a Sound Source and 
great control over, and uniformity in, the distance cues 
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perceived by each listener. For example, Sound Sources may 
appear to be very close to each listener. Additionally, the 
perceived distance can be made uniform irrespective of the 
acoustic characteristics of the room or the listener's position 
in the room. 

0078. Any of the configurations of FIGS. 3A-3C and 
5A-5C can be implemented with the listener faced oppo 
sitely from the direction of FIGS. 3A-3C and 5A-5C. For 
example, the configuration of FIG. 3A can be implemented 
with acoustic radiating devices. 18LF, 18CF and 18RF 
behind the listeners, and acotistic radiating devices 12R, 
14R, and 16R in front of the listeners. 
007.9 FIG. 6 shows another embodiment of the inven 
tion. In the embodiment of FIG. 6, vehicle 90 includes seven 
seating positions 80-86. Each of seating positions 80-83 has 
asSociated with it a pair of directional acoustic radiating 
devices positioned behind and to the left (designated “LR') 
and behind and to the right (designated "RR"). Devices 
SOLR, 80RR, 81LR, 81RR, 82LR, 82RR, 83LR, and 83RR 
may be mounted in the headrest or Seat back. Seating 
position 84 has associated with it directional acoustic radi 
ating device 84LR, positioned behind and to the left. Seating 
position 86 has associated with it directional acoustic radi 
ating device 86RR, positioned behind and to the right. 
Acoustic radiating device 8485 is positioned behind and 
between Seating positions 84 and 85, and acoustic radiating 
device 8586 is positioned behind and between seating posi 
tions 85 and 86. Each of seating positions 80-86 may have 
associated with it one of front acoustic devices 80LF, 81LF, 
82LF, 83LF, 84LF, 85LF, 86LF, 80RF, 81RF, 82RF, 83RF, 
84RF, 85RF, and 86RF, located in front of the seating 
position in, for example the ceiling, in a console, in the 
Seatback of the Seat in front, in the dashboard, or in an 
armrest. Each Seating position also may have associated 
with it a bass acoustic radiating device, not shown in this 
View, or alternatively, there may be one or more bass 
acoustic radiating devices radiating bass frequencies to the 
entire passenger compartment. In other implementations, 
devices 80LF, 81LF, 82LF, 83LF, 84LF, 85LF, 86LF, 80RF, 
81RF, 82RF, 83RF, 84RF, 85RF, and 86RF, may be supple 
mented by, or replaced by, acoustic devices that radiate 
Sound waves with Sufficient dispersion and amplitude to be 
audible in more than one listening Space, or may be Supple 
mented by, or replaced by, Single devices Such as the devices 
12CF, 14CF, and 16CF of FIG. 1A. 
0080 Acoustic radiating devices 80LF, 81LF, 82LF, 
83LF, 84LF, 85LF, 86LF, 80RF, 81RF, 82RF, 83RF, 84RF, 
85RF, and 86RF may be devices as described above in the 
discussion of FIGS. 3A-3C and 5A-5C; any of the devices 
80LF, 81LF, 82LF, 83LF, 84LF, 85LF, 86LF, 80RF, 81RF, 
82RF, 83RF, 84RF, 85RF, 86RF, 80LR, 80RR, 81LR, 81RR, 
82LR, 82RR, 83LR, 83RR, 84LR, 8485, 8586, and 84RR 
may be directional arrays as described above. There may be 
additional bass loudspeakers (not shown) or wide or full 
range loudspeakers (not shown) in location Such as in the 
vehicle door or parcel shelf not shown. 
0081. In operation, the audio system functions in manner 
Similar to the audio Systems described above. 
0082 FIGS. 7A-7E show, respectively, an isometric 
View, a front plan View, a top plan View, and a side plan view 
of a directional acoustic array device 50 that can be used as 
devices 1214 and 1416 of FIGS. 3C and 5C, especially in 
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a theatre or home theater environment. The directional 
acoustic array device 50 includes a first Subarray including 
acoustic radiating devices 52 and 54 and a Second Subarray 
including acoustic radiating devices 56, and 57 positioned 
below the first pair. Each acoustic radiating device of each 
pair is angled to the other of the pair (that is, in the X-y 
plane), as shown most clearly in FIG. 7C. A typical such 
angle (p is 145 degrees. Additionally, each pair of acoustic 
radiating devices is angled relative to the other pair (that is, 
in the y-Z plane) as shown most clearly in FIG.7D. A typical 
Such angle 0 is 135 degrees. 
0083. The angling of each of the pairs of acoustic radi 
ating devices relative to the other pair, most clearly Seen in 
FIG. 7Dnables the directional characteristics of the array 50 
to be effective over a range of listening heights, for example 
a range of heights including the typical head positions of a 
tall person 58 (a typical head height of a 6'7" person sitting 
upright), medium height person 59 (a typical head height of 
a 5'10" person sitting upright), or short person 60 (a typical 
head height of a twelve year old human sitting upright) of 
FIG 7E 

0084. In other embodiments, angles (p or 0 or both may be 
180 degrees. 
0085. In FIGS. 7F and 7G, there are shown front and top 
partially diagrammatic views of the directional array of 
FIGS. 7A-7E, mounted for use with adjacent seats in a 
commercial theater or home theater. The directional array 50 
is mounted ill the structure between two adjacent seats 150 
and 152 so that the center of the array is substantially 
equidistant (a1=a) from the typical head locations 154 and 
156 of the adjacent seats, slightly more than two shoulder 
lengths apart. 

0086) The first subarray (drivers 52 and 54) and the 
second Subarray (56 and 57) operate as shown in one of 
FIGS. 4A-4B or in one of FIGS. 10A-10C below and 
described in the corresponding portion of the disclosure. 
Because the SubarrayS radiate Sound directionally, the Single 
device 50 can be conveniently placed at a convenient 
distance from the two adjacent Seats and in a convenient 
location, but can Still achieve the amount of isolation Suf 
ficient to take advantage of the effects Stated above in 
describing FIGS. 4A-4C, and can provide the effects for a 
range of head heights. An embodiment according to FIGS. 
7A-7G can also be configured to be a split frequency array, 
incorporating the embodiments of FIGS. 4C or 10B below. 
0087. In FIG.7H, another directional array is shown. The 
embodiment of FIG. 7H includes a plurality of directional 
arrays 160L and 160R, 162L and 162R, 164L and 164R, 
166L and 166R, 168L and 168R, each including two acous 
tic drivers and each operating as described in referring to 
FIGS. 4A-4C. If desired the system may also include pairs 
of high frequency acoustic drivers 170L-178R, and operate 
as a split frequency array, as in FIG. 4C or 10B below. The 
drivers are mounted So that one (designated L) of each pair 
of drivers are mounted collinearly in a first Straight line and 
So that the other (designated R) of the each pair of drivers are 
mounted collinearly in a Second Straight line, parallel with 
the first straight line. Each of the L drivers receives the same 
Signal, Such as the processed LS Signal of FIGS. 4A-4C, or 
the processed LR signal of FIGS. 10A-10D below; each of 
the R drivers receives the same Signal, Such as the RS Signal 
of FIGS. 4A-4C, or the RR signal of FIGS. 10A-10C below. 
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The embodiment of FIG. 7H can also be a split frequency 
array, by including high frequency drivers arranged in a 
manner as described above, and making appropriate adjust 
ments to the signal processing, as shown if FIGS. 4C and 
1OD. 

0088 Expressed differently, the embodiment of FIG.7H 
is a pair of line arrayS. A first line array includes the “L” 
drivers, that is the left-hand acoustic driver of each of the 
directional arrays. The second line array includes the “R” 
drivers, that is the right-hand acoustic driver of each of the 
directional arrayS. Each of the acoustic drivers of the first 
line array receives an audio signal Similar to the processed 
LS signal of FIGS. 4A-4C or the processed RR signal of 
FIGS. 10A-10D. Each of the acoustic drivers of the second 
line array receives an audio signal Similar to the RS Signal 
of FIGS. 4A-4C, or the RR signal of FIGS. 10A-10C. 
0089. In operation, a directional array according to FIG. 
7H radiates sound in a radiation pattern that is directional in 
the X-y plane and that is Substantially the same at the 
horizontal planes defined by the top and bottom arrays (160L 
and 160R, and 168L and 168R) and all horizontal planes in 
between. 

0090. An embodiment according to FIG. 7H is advanta 
geous because the directionality of the line array can be 
effected over a larger vertical distance, that is, Over a 
cylinder of greater height, and therefore accommodate a 
wide range of head heights. Additionally, an embodiment 
according to FIG. 7H may have acoustic advantages asso 
ciated with line arrayS. 
0.091 In FIG. 8, there is shown a mixing console system 
according to the invention. A mixing console System pro 
duces Sound tracks for professional recordings or for motion 
pictures or the like. A mixing console System typically has 
a mixing console that has a large number of input terminals 
each corresponding to an input channel. The mixing console 
contains analog or digital circuitry or both to modify and 
combine the input channels and a user interface for a mixing 
technician to input mixing instructions. The mixing console 
has output terminals each representing an output channel. 
The output terminals are coupled to a recording device and 
to a playback System. 
0092. A mixing technician inputs mixing instructions at 
the mixing console, and the mixing console modifies the 
Signal received at the input terminals according to the 
instructions. The mixing technician listens to an audio 
Sequence modified according to the instructions and played 
back over the playback System, and either retains the modi 
fied audio Sequence in the recording device, or replays the 
audio passage using different mixing instructions Mixing 
console 64 has input terminals 62-1-62-N, corresponding to 
N input channels. Mixing console 64 has output terminals 
66-1-66-n, (in this example, n=5, but could be more or less) 
representing the output channels. The output terminals 66-1- 
66-5 are coupled to a recording device 68 and to a playback 
system according to the configuration of FIG. 5C. Nonlocal 
acoustic radiating devices 118LF, 118CF, 118RF, are posi 
tioned similarly to the like numbered elements of FIG. 3C, 
and further shows close acoustic radiating devices 112LR 
and 112RR, placed similarly and of similar function to 
devices 1214 and 1416 of FIG. 3C. Other implementations 
of mixing console Systems could include configurations of 
FIGS 3A-3C and 5A-5C. 
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0093. The mixing console system of FIG., 8 has a play 
back system consistent with the embodiments of FIG. 5C. 
Sound Sources between distant acoustic radiating devices 
118LF and 118CF, and between 118CF and 118RF can be 
Simulated by amplitude panning. Sound Sources in other 
locations can be simulated by HTRF processing as describe 
above and as described in more detail in Subsequent figures. 
In other embodiments, the mixing console may have play 
back systems of other of the embodiments of FIGS. 3A-3C, 
5A or 5B. 

0094) Mixing console 64 may be conventional, or may 
contain conventional processing circuitry, or, preferably, 
circuitry containing elements shown below in FIGS. 9A, 
9B, and 10A-10C. There may be more or fewer output 
channels than are presented here. For example, there may be 
an additional low frequency effects (LFE) channel, or addi 
tional channels, Such as a Side channels, left center and right 
center channels, or additional Surround channels. 
0095. When inputting the mixing instructions, the mixing 
technician hears how the mixed audio output channels will 
Sound on a playback System according to the invention, and 
therefore can mix the input Signals to give a more realistic, 
pleasing result when played back over a System according to 
the invention. The output channels can also be used as the 
channels in a conventional Surround Sound System, So the 
channels as mixed can be played back over a conventional 
Surround Sound System. If the circuitry of mixing console 64 
contains the playback elements of an audio System accord 
ing to the invention, the mixing System can produce a Sound 
track that is particularly realistic when reproduced by a 
playback System according to the invention. 

0096 Referring now to FIG.9A, there is shown a block 
diagram of a signal processing System to provide audio 
signals for an audio system such as is shown in FIG. 3B. 
Channels LF and LS are input to a content determiner 90L. 
Content determiner 90LF determines the content of channels 
LF and LS that has the same phase (designated LF--LS), the 
content that is unique to channel LF (designated LF) and the 
content that is unique to channel LS (designated LS). The 
content determiner 90LF also calculates coefficients Ov, 
A1, and A, according to the formulae 

(LF + LS) - LF (LF + LS) Al 
y X 

LF - LS) - LS (LF- LS A2=1 + LS) I(LF+ land 
y X 

(Y - LF) + (Y - LS) 
oty = 1 - — -, 

0097 where Y is the larger of LF and LS and X is the 
larger of LF--LS and LF-LS. The angle 0, of the sound 
Source is determined by 0 v-sin'Civ. The values of LF, 
LS, X, Y, A1, A2, and Cly are recalculated repeatedly, at 
intervals such as each 128 or 256 samples, so they vary with 
time. 

0098. The LF output of the content determiner 90LF is 
the LF playback signal. The LS output of the content 
determiner 90LF is the LR playback signal. Signal LF+LS 
is processed by a time varying ILD filter 92LF that uses as 
parameters head dimensions and the Sine (denoted as C.) 
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of the time-varying angle 0. Time varying angle 0 is 
representative of the location of a moving virtual loud 
Speaker. Since Ov and 0y are related in a known Way, the 
System may store the data in either form. Head dimensions 
may be taken from a typical sized head, based on a Sym 
metric spherical head model for ease of calculation. In a 
more complex System, the head dimensions may be based on 
more Sophisticated models, and may be the actual dimen 
Sions of the listener's head and may include other data, Such 
as diffraction data. Time varying ILD filter 92L outputs the 
filtered ipsi-lateral ear (the ear closer to the audio Source) 
audio signal and a filtered contra-lateral ear (the ear farther 
from the audio Source) audio signal. The filtered ipsi-lateral 
ear audio signal and the filtered contra-lateral ear audio 
signal are then delayed by the time varying ITD delay 94L 
to provide a delayed ipsi-lateral ear audio signal and a 
delayed contra-lateral ear audio Signal. The delay uses as 
parameters the head dimensions and C, the Sine of the 
time-varying angle 0. The delayed ipsi-lateral ear audio 
Signal and the delayed contra-lateral ear Signal are typically 
different, except for Sources in the median plane. 
0099. The RF signal and the RS signal are processed in 
a similar manner. The delayed ipsi-lateral ear audio signal of 
the LF-LS signal path is combined with the contra-lateral 
ear audio signal of the R-RS signal path at Summer 96L. 
The delayed ipsi-lateral Signal of the R-RS Signal path is 
combined with the delayed contra-lateral Signal of the 
LF-LS signal path at Summer 96L. 
0100. The CF signal and the CS signal are input to a 
content determiner 90C, which performs a similar calcula 
tion as content determiner 90L and 90R. The CF output of 
the content determiner 90C is the CF playback signal. The 
CS output of the content determiner 90C is the CS playback 
signal. The CF+CL signal is processed by MS processor 93 
to produce a processed monaural CF+CL signal. The MS 
processor applies a moving notch filter, with the notch 
frequency corresponding to the elevation angle 0-v, to 
provide an MS processed monaural Signal, which is Summed 
at Summer 96L to provide the playback signals for devices 
12LR, 14LR, and 16LR, and is Summed at Summer 9LR to 
provide the playback signals for devices 12RR, 14RR, and 
16RR. Only the playback signals for devices 12LR, 14LR, 
and 16LR, and devices 12RR, 14RR, and 16RR contain any 
HRTF processed signal. In Some implementations, the notch 
filter can represent angles for the full 360 degrees of 
elevation. For a Sound Source that moves from the front of 
the listener to the back of the listener, the effect of the Source 
moving overhead, underneath, or through the listener can be 
attained. 

0101 Referring now to FIG.9B, there is shown a block 
diagram of a signal processing System to provide audio 
signals for an audio system such as is shown in FIG. 5B. In 
the process of FIG. 9B, the LF, LS, RF, RS, CF, and CS 
signals are processed by the content determiners 90L, 90R, 
and 90C, in a manner similar to the process of FIG. 9A. As 
in the process of FIG. 9A the LF and RF output signals of 
the content determiners are the LF and RF playback signals, 
respectively. The LF+LS, the RF--RS, and the CF+CS output 
Signals of the content determiners are processed in a manner 
similar to the process of FIG. 9A. The LS and RS signals are 
processed by static ILD filters and static ITD delays. The 
static ILD filters and the static ITD delays are similar to the 
time-varying ILD filters and the time-varying ITD delays, 
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except the angles 0 and 0 are fixed, So the Values C. 
and CR are fixed. The angles 0 and 0R represent the 
angular displacement of a virtual rear Speaker created by the 
radiation of acoustic devices 12LR and 12RR, 14LR and 
14RR, and 16LR and 16RR. The ipsi-lateral output signal of 
the LF-LS signal path is summed at Summer 96L, and the 
contra-lateral output Signal of the LF-LS Signal path is 
Summed at Summer 96R. The ipsi-lateral output signal of the 
R-RS signal path is summed at Summer 96R, and the 
contra-lateral output signal of the R-RS Signal path is 
Summed at Summer 96L. The output signal of the CS signal 
path is Summed at Summers 96L and 96R, with a scaling if 
desired. Only the Signals radiated by playback devices 
12LR, 12RR, 14LR, 14RR, 16LR, and 16RR are HRTF 
processed. 
0102) An embodiment according to FIGS. 9A and 9B is 
advantageous because it allows a more precise, controlled, 
and consistent perception of a Sound Source in the Side. A 
System according to the invention provides actual ILD and 
ITD cues for Sound Sources on the side. 

0.103 Some program material, typically digitally 
encoded, has metadata associated with the audio signals that 
explicitly Specify the location of a Sound Source, including 
the orientation of the audio Source relative to the listener, 
and the distance from the listener. Since the location infor 
mation is Specified, the filter and delay values can be 
determined directly, and the calculation of Values Civ, Cry, 
and Cov, is not necessary. 
0104. A system according to FIG. 9A or 9B is advanta 
geous because the HRTF processed signals are radiated by 
local acoustic devices, providing greater control of the ITD, 
ILD, and MS cues, and therefore a more consistent and 
realistic audio image from listening Space to listening Space. 
0105 Referring to FIGS. 10A-10D, there are shown 
block diagrams of Signal processing Systems for modifying 
the playback signals of FIG. 9B for use with directional 
arrays. In FIGS. 10A, the input signals are processed sub 
stantially as in FIG. 9B, except the output of Summers 96L 
and 96R are not transduced, but are further processed at 
node 98L and 98R, respectively. In FIGS. 10A and 10B, the 
outputs of Summers 96L and 96R are processed substantially 
as in FIGS. 4A and 4C, respectively, to provide audio 
signals for directional arrays such arrays 1214 and 1416 of 
a system of FIG. 5C. In FIG. 10C, the outputs of summers 
96L and 96R are processed substantially as in FIG. 4B to 
provide audio signals for directional arrays for as device 
14R in a system such as the system of FIG. 5A. 
0106 If the program material was mixed according to the 
embodiment of FIG. 8 the program material may be input 
directly to the playback System without the processing of 
FIGS. 9A-9B or 10A-10C. The playback system may need 
to be processed to furnish the appropriate number and type 
of output channels. Processing can include splitting an audio 
Signal into frequency ranges, or downixing two channels to 
create a third channel, or upmixing two channels to create 
one, or Some Similar operation. Splitting an audio signal into 
frequency ranges can be done by well-known conventional 
circuitry. 
0107 The functions of the blocks of FIGS. 9A-10D may 
be performed by digital signal processing (DSP) elements 
that may include Software modules performing Signal pro 
cessing on Streams of digitally encoded audio signals. 
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0108. An audio system according to the embodiments of 
FIGS. 10A-10C, is advantageous because the directional 
acoustic devices provide acoustic isolation, and improved 
control over the audio signals at the ear, thereby providing 
a more realistic and uniform acoustic image from listening 
Space to listening Space. 

0109) It is evident that those skilled in the art may now 
make numerous uses of and departures from the Specific 
apparatus and techniques disclosed herein without departing 
from the inventive concepts. Consequently, the invention is 
to be construed as embracing each and every novel feature 
and novel combination of features present in or possessed by 
the apparatus and techniques disclosed herein and limited 
only by the Spirit and Scope of the appended claims. 

1. An audio System including a plurality of channels, 
comprising: 

a listening area, comprising a plurality of listening Spaces, 

a directional audio device, positioned in a first of Said 
listening Spaces, close to a head of a listener, for 
radiating first Sound waves corresponding to compo 
nents of one region for receiving the Said channels, and 

a nondirectional audio device, positioned inside Said 
listening area and outside Said listening Space, distant 
from Said listening Space, for radiating Sound waves 
corresponding to components of a Second of Said 
channels. 

2. An audio System in accordance with claim 1, wherein 
Said directional audio devices comprise a plurality of acous 
tic drivers, Said acoustic drivers positioned and arranged to 
radiate Sound waves that interfere destructively at a first 
predetermined location in Space and to interfere nondestruc 
tively at a Second predetermined location in Space. 

3. An audio System in accordance with claim 2, wherein 
Said first predetermined location is in a first listening Space 
and Said Second predetermined location is in a Second 
listening Space. 

4. An audio System in accordance with claim 2, wherein 
Said first predetermined location is proximate a first volume 
for receiving a first ear of a listener and wherein Said Second 
predetermined location is proximate a Second Volume for 
receiving a Second ear of Said listener. 

5. An audio System in accordance with claim 1, wherein 
Said listening area comprises a theater and Said first and 
Second listening Spaces comprise Seating locations within 
Said theater. 

6. An audio System in accordance with claim 1, wherein 
Said listening area comprises a vehicle passenger compart 
ment and Said listening locations comprise Seating locations 
within Said vehicle passenger compartment 

7. A method for operating an audio System for radiating 
Sound into a first listening Space and a Second listening 
Space, Said first listing Space adjacent Said Second listening 
Space, comprising: 

receiving first audio Signals, 
transmitting first audio signals to a first transducer, 
transducing, by Said first transducer, Said first audio 

Signals into first Sound waves corresponding to Said 
first audio signals, 

radiating Said first Sound waves into a first listening Space; 
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processing Said first audio signals to provide delayed first 
audio Signals, wherein Said processing comprises at 
least one of time delaying Said audio Signals and phase 
shifting Said audio signals, 

transmitting Said delayed first audio signals to a Second 
transducer, 

transducing, by Said Second transducer, Said delayed first 
audio signals into Second Sound waves corresponding 
to Said delayed first audio signals, and 

radiating Said Second Sound waves into Said Second lis 
tening Space. 

8. Between an adjacent pair of theater Seats, a directional 
acoustic radiating device. 

9. Apparatus in accordance with claim 8, wherein Said 
directional acoustic radiating device is constructed and 
arranged for radiating first Sound waves corresponding to 
first audio signals and for radiating Second Sound waves 
corresponding to Second-audio Signals, 

and for radiating third Sound waves for opposing Said first 
Sound waves; 

and for radiating fourth Sound waves for opposing Said 
Second Sound waves. 

10. Apparatus in accordance with claim 8, one of Said 
theater Seats being below a normal position of a head of an 
occupant, and a Second of Said theater Seats being below a 
normal position of a head of an occupant, wherein Said 
directional acoustic radiating device is Substantially equi 
distant from Said first Seat normal position and Said Second 
Seat normal position. 

11. An audio mixing System, comprising a playback 
System comprising directional acoustic radiating devices 
close to the Volume for receiving the head of an operator; 

Said playback System further comprising acoustic radiat 
ing devices distant from Said volume. 

12. A directional acoustic radiating device comprising: 

an enclosure; 

a first directional Subarray comprising two elements, 
mounted in Said enclosure, Said first two elements for 
coacting to directionally radiate first Sound waves, each 
of Said first two elements having an axis, Said axes of 
Said first two elements defining a first plane; 

a Second directional Subarray comprising two elements, 
mounted in Said enclosure, Said Second two elements 
for coacting to directionally radiate Second Sound 
waves, each of Said Second two elements having an 
axis, Said axes of Said Second two elements defining a 
Second plane; 

wherein Said first plane and Said Second plane are non 
parallel. 

13 A directional acoustic radiating device in accordance 
with claim 12, Said axis of one element of Said first direc 
tional Subarray and Said axis of one of Said Second Subarray 
defining a third plane, and 

Said axis of the other element of Said first array and Said 
axis of the other element of Said Second Subarray 
defining a fourth plane; 
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wherein Said third plane and Said fourth plane are non 
parallel. 

14. A method for radiating audio signals comprising: 

radiating Sound waves corresponding to first audio signals 
directionally to a first listening Space; 

radiating Sound waves corresponding to Second audio 
Signals directionally to a Second listening Space; and 

radiating Sound waves corresponding to third audio Sig 
nals nondirectionally to Said first listening Space and 
Said Second listening Space. 

15. A directional acoustic array System, comprising: 

a plurality of directional arrays, each comprising a first 
acoustic driver and a Second acoustic driver; 

wherein Said first acoustic drivers of Said plurality of 
directional arrays are arranged collinearly in a first line; 
and 

wherein Said Second of Said acoustic drivers of Said 
plurality of directional arrays are arranged collinearly 
in a Second line; 

wherein Said first line and Said Second line are parallel. 

12 
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16. A line array System comprising: 
an audio Signal Source for providing a first audio signal; 
a first line array comprising a first plurality of acoustic 

driverS mounted collinearly in a first Straight line; 
a Second line array comprising a Second plurality of 

acoustic driverS mounted collinearly in a Second 
Straight line, parallel with Said first Straight line, 

Signal processing circuitry coupling Said audio signal 
Source and Said first line array for transmitting Said first 
audio signal to Said first plurality of acoustic drivers, 

Said Signal processing circuitry intercoupling Said audio 
Signal Source and Said Second plurality of acoustic 
drivers for transmitting Said first audio Signal to Said 
Second plurality of acoustic drivers, 

wherein Said Signal processing circuitry is constructed and 
arranged to reverse the polarity of Said first audio signal 
transmitted to Said Second plurality of drivers. 

17. A line array System in accordance with claim 16, 
wherein Said Signal processing circuitry is further con 
Structed and arranged to change the relative phase between 
Said audio signal transmitted to Said plurality of Said acous 
tic drivers and Said audio Signal transmitted to Said Second 
plurality of acoustic drivers. 

k k k k k 


